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Reading is an important but pliylogenetically new sl<ill. While neuroimaging studies have 
identified brain regions used in reading, it is unclear to what extent these regions become 
specialized for use predominantly in reading vs. other tasks. Over the past several years, 
our group has published three studies addressing this question, particularly focusing on 
whether the putative visual word form area (VWFA) is used predominantly in reading, or 
whether it is used more generally in a number of tasks. Our three studies utilize a range of 
neuroimaging techniques, including task based fMRI experiments, a seed based resting 
state functional connectivity (RSFC) experiment, and a network based RSFC experiment. 
Overall, our studies indicate that the VWFA is not used specifically or even predominantly 
for reading. Rather the VWFA is a general use region that has processing properties 
making it particularly useful for reading, though it continues to be used in any task that 
requires its general processing properties. Our network based RSFC analysis extends this 
finding to other regions typically thought to be used predominantly for reading. Here, 
we review these findings and describe how the three studies complement each other. 
Then, we argue that conceptualizing the VWFA as a brain region with specific processing 
characteristics rather than a brain region devoted to a specific stimulus class, allows us 
to better explain the activity seen in this region during a variety of tasks. Having this 
type of conceptualization not only provides a better understanding of the VWFA but also 
provides a framework for understanding other brain regions, as it affords an explanation of 
function that is in keeping with the long history of studying the brain in terms of the type 
of information processing performed (Posner, 1978). 



Keywords: visual word form area, occipito-temporal cortex, fMRI, resting-state fMRI, resting-state functional 
connectivity, resting-state networl<s, reading, orthograpliy 



Reading is central to most of our lives — after all, you are read- 
ing this manuscript. Certainly reading is often an integral part 
of modern life, necessary for reading scientific papers, novels and 
news, but also important for such quotidian tasks as reading street 
signs, instruction sheets, prescription information, and recipes. 
Reading is integral to academic success (Stanovich, 1986). Clearly, 
reading is important, and given that the key difference between 
language and reading is the use of written characters, it stands to 
reason that reading must rely on the development of parts of the 
brain devoted to processing written words. 

However, while reading is important, it is a relatively new, and 
far from universal, human skill. Written language was developed 
only about 5000 years ago and the printing press was invented 
in the mid fifteenth century. Much of the world lacks even basic 
literacy. In the United States up to 17% of the population are 
not fluent readers with reading skill at or below the 4th grade 
level (Stanovich, 1986; Baer et al., 2009). This functional illiter- 
acy characterizes up to 44% of those living in poverty (Baer et al., 
2009). Thus, it is extraordinarily unlikely that the capacity to read 
is intrinsic to the human brain or that natural selection had an 
opportunity to specialize brain regions for reading. The amount 



and kind of overt teaching and practice needed to achieve fluent 
reading underscores the lack of intrinsic capacity to read afforded 
by the human brain (Schlaggar and McCandliss, 2007). 

Knowing that reading is important, yet new and not universal, 
leaves us with the supposition that as we develop into fluent read- 
ers we are likely to repurpose parts of the brain originally devoted 
to something other than reading, per se, and use those regions 
to process written characters, turn those visual representations 
into sounds, and extract their meanings. Yet while this supposi- 
tion is widely held, there remains disagreement about the extent 
to which learning to read changes the brain. Does reading truly 
remodel the brain and result in brain regions specifically or pre- 
dominantly devoted to reading (i.e., Dehaene and Cohen, 2007) 
or does learning to read depend on utilizing brain regions that 
continue to maintain other functions or processing features (i.e., 
Price and Devhn, 2003)? 

Prior work can be found to support both of the aforemen- 
tioned hypotheses, that regions of the brain become used rela- 
tively specifically for reading and that regions of the brain used 
in reading also continue to be used more broadly. Proponents 
of the former hypothesis have termed a region of the brain in 
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left occipito-temporal (OT) cortex the visual word form area 
(VWFA) (McCandliss et al, 2003; Cohen and Dehaene, 2004). 
The argument that the VWFA is predominantly or even specifi- 
cally used for words is based on both classic work demonstrating 
lesions of left OT cortex near the putative VWFA disrupt fluent 
reading (Dejerine, 1892; Cohen et al, 2003; Gaillard et al, 2006) 
and more recent functional magnetic resonance imaging (fMRI) 
experiments demonstrating the VWFA often shows more activ- 
ity for words than similar non-word stimuli such as consonant 
strings (Cohen et al., 2002; Polk et al., 2002; Cohen and Dehaene, 
2004; Baker et al, 2007; Vinckier et al, 2007). Additionally, activ- 
ity in this region is not based on simple visual stimulation, as there 
is similar activity, as measured by fMRI, regardless of word size 
or font (Cohen et al, 2003; McCandliss et al, 2003). However, 
proponents of the second hypothesis, that the regions of the 
brain used in reading continue to be utilized in other types of 
information processing, argue that the VWFA, while used in pro- 
cessing words, also shows activity when processing other visual 
stimuli, including numbers, line drawn pictures, colors, and grat- 
ings (Tagamets et al, 2000; Price and Devlin, 2003; Xue et al., 
2006; Ploran et al., 2007; Van Doren et al, 2010; Kherif et al, 
2011). Several recent reviews address the body of data around this 
question (Dehaene and Cohen, 2011; Price and Devlin, 2011). 

Recently, our group has published three studies utilizing vari- 
ous neuroimaging techniques, including task based fMRI experi- 
ments, a seed based resting state functional connectivity (RSFC) 
experiment, and a network based RSFC experiment, in an attempt 
to address the competing hypotheses that regions of the brain, 
specifically the VWFA, are used predominantly or even specif- 
ically in reading vs. the hypothesis that regions of the brain, 
including the VWFA, are used more generally in a number of 
different tasks. First, we describe a task-based fMRI experiment 
indicating stronger activations for non-word visual stimuli than 
words in left OT cortex in the same location as the VWFA. 
This experiment also demonstrates activity in left OT cortex is 
driven by other visual properties such as visual complexity and 
a property we call "groupability," rather than word-likeness per 
se (Vogel et al., 2012b). Second, we describe a seed-map based 
RSFC experiment establishing that the VWFA has stronger rest- 
ing state correlations with regions of the dorsal attention network 
than regions thought to be used predominantly in reading (Vogel 
et al., 2012a). Last, we describe network based RSFC analyses 
demonstrating regions thought to be used predominantly in read- 
ing have no special RSFC relationship to one another (Vogel et al, 
2013). Rather than address the whole of the literature related to 
VWFA, we wiU review each of our studies in more detail below 
and then discuss how they relate to the larger body of work 
addressing the question of VWFA specificity. 

SUMMARY OF STUDIES 

THE LEFT OCCIPITAL-TEMPORAL CORTEX DOES NOT SHOW 
PREFERENTIAL ACTIVITY FOR WORDS 

As discussed above, there has been much debate about how specif- 
ically a region of left occipital-temporal cortex called the VWFA is 
activated by words. The region was named the visual word form 
area in part due to the opinion that it responded predominantly 
to words (McCandliss et al., 2003). However, that specificity has 



been debated essentially since the name VWFA was coined (Price 
and Devlin, 2003). We have recently published a study that com- 
pared fMRI activity elicited by a visual matching task using words, 
pseudowords that contained only letter combinations typically 
present in English words, non-words that contained letter com- 
binations that are illegal in English, consonant strings, Amharic 
character strings which comprise the writing system used in 
Ethopia, and line drawn pictures (Vogel et al, 2012b). 

Our study demonstrated no specificity in VWFA activity. 
Healthy, neurotypical, skilled adult readers were asked to deter- 
mine if two simultaneously presented strings of letters, Amharic 
characters (described above), or line drawn pictures were the 
same or different and give a button press response. In a whole 
brain analysis looking for regions in which there was differential 
activity for the five types of stimuli, a region was found in left 
occipital-temporal (OT) cortex near the VWFA. However, in this 
region the activity was greatest for matching Amharic characters 
and line drawn pictures, which were significantly stronger than 
matching consonant strings, which was significantly stronger 
than matching non-words, pseudowords, and words (Figure lA). 
When a region was applied directly on the reported coordinates 
of the VWFA (Cohen and Dehaene, 2004), the same pattern 
emerged, with the strongest activity seen for the Amharic char- 
acter strings, less for consonants, line drawn pictures, non-word, 
pseudoword, and word stimuli (Figure IB). Clearly, this set of 
results is inconsistent with the supposition that the VWFA is 
specifically or even predominantly used in processing words, a 
conception that would predict the VWFA to have the strongest 
activity for processing words, with less activity for the least 
word-like stimuli, such as Amharic characters. 
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FIGURE 1 I There is more activity for Amiiaric character strings than 
letter strings in the left OT cortex. (A) Activity profile and location of region 
of the left OT cortex defined in a whole brain analysis of stimulus type. The 
location of the region closest to the VWFA is denoted with an arrow. The 
timecourses of BOLD activity for each stimulus type is shown for this region. 
(B) Timecourses of BOLD activity for each stimulus type in an region applied 
to the classic VWFA coordinates (coordinates in MNI, original Talaraich 
coordinates taken from Cohen and Dehaene, 2004). Figure adapted from 
Vogel etal. (2012b). 
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Given that left OT cortex, including the VWFA, was not 
activated specifically or predominantly by words, in the same 
manuscript described above, we performed a second set of analy- 
ses designed to determine what properties do drive VWFA activity 
(Vogel et al., 2012b). Specifically, we hypothesized that stimuli 
most likely to drive left OT cortex were high spatial frequency, 
high contrast, complex stimuli that can be processed in groups. 
We chose these characteristics as they comprise some of the most 
salient properties of letters, words and other stimuli that have 
been shown to activate left OT. For example, all words, as well 
as numbers, line drawings, and gratings, which have been shown 
to activate the VWFA, are high spatial frequency and high con- 
trast. Additionally, recent studies have shown left OT cortex to 
be directly responsive to spatial frequency (Kveraga et al, 2007). 
Unfortunately, all of our stimuli were also high spatial frequency 
and high contrast, so we were unable to evaluate these properties. 
There is also evidence that the VWFA is responsive to complexity, 
as patients with VWFA lesions not only have difficulty reading 
fluently, but also have difficulty processing more visually complex 
stimuli (Behrmann et al., 1998). 

We were able to evaluate the effect of visual complexity on 
VWFA activity as our stimuli did vary in complexity, which 
we measured as the number of brushstrokes per character, a 
method previously used to compare writing systems (Changizi 
and Shimojo, 2005). First, we divided each string type (Amharic 
strings, consonant strings, non-words, pseudowords, and words) 
into three groups based on visual complexity, or the number of 
brushstrokes per character. Then, we looked for regions of the 
cerebrum that showed differential activity between the most com- 
plex and least complex groups. A region in left OT was found to 
have activity differences related to complexity, and a region based 
analysis demonstrated that difference was driven by increased 
activity for the most complex strings relative to the least complex 
strings in left OT. 



Additionally, we were able to use reaction time data on the 
matching task and within stimuli properties to validate that some 
stimuli, like words, were processed in groups of letters, while oth- 
ers, such as the Amharic strings, were processed as individual 
characters. This "grouped" processing was also reflected in fMRI 
activity. It is intuitive that we read words as groups of letters; 
reading words as a whole or in sets of graphemes is one of the 
hallmarks of fluent reading (Weekes, 1997; Cohen et al., 2003). 
Lesions to left OT cortex are shown to result in "letter by letter" 
reading in which each letter of a word must be processed individu- 
ally and response time increases linearly with length, accordingly 
(Cohen et al, 2003). However, intuition also indicates that pro- 
cessing unfamiliar, complex strings, such as readers who are naive 
to the Amharic alphabet processing Amharic strings, requires 
evaluating each character of the string individually. 

We were able to validate these intuitions due to a second 
property of our four-character string stimuli. The two strings pre- 
sented simultaneously contained either four identical letters or 
characters, differed by 2 letters or characters, or had four differ- 
ent letters or characters. If words are processed as whole, or at 
least in multi-level groups, it should make no difference whether 
two simultaneously presented strings are all different or all the 
same, it should take about the same amount of time to iden- 
tify the answer (same/different). However, if one had to look 
at the letters individually, it would take longer to identify that 
two strings were the same because one would have to evaluate 
all four letters or characters, whereas making a decision about 
strings that are all different requires evaluating only one charac- 
ter. In our experiment, the reaction time (RT) to match strings 
of familiar characters such as words and pseudowords matched 
the proposed pattern for "grouped" processing, in that it took 
the same amount of time to make a same/different judgment 
when the two strings had all of the same letters or all different 
letters (RTs for words shown in Figure 2C). However, stimuli that 
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FIGURE 2 I The left OT processes unfamiliar stimulus strings as 
individual characters and familiar strings as groups of characters. (A) 

Location of the left OT region defined in a whole brain pair type by 
timecourse analysis (—44, —67 —4 in MNI coordinates). (B) Reaction times 
and timecourses of BOLD activity for Amharic character pairs that are all the 
same, 2 character different hard pairs, and 4 character different easy pairs. 
The RTs and BOLD activity increase with the number of characters that must 
be evaluated to make a matching decision, indicating character by character 
processing. Asterisks denote RT values that have differences with p < 0.05. 



Though not shown, consonant strings show a similar pattern of both RTs and 
BOLD activity. (C) Reaction times and timecourses of BOLD activity for word 
pairs that are all the same, 2 character different hard pairs, and 3 character 
different easy pairs. The RTs and BOLD activity are equivalent for the all 
same and all different easy pairs, indicating these stimuli are evaluated as a 
group. Asterisks denote RT values that have differences with p < 0.05. 
Though not shown, pseudowords, which contain all legal letter combinations, 
show a similar pattern of both RTs and BOLD activity. Figure adapted from 
Vogel etal. (2012b). 
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were unfamiliar to the subjects, including consonant strings and 
Amharic character strings showed the other proposed effect; it 
took subjects longer to make a same/different judgment on the 
identical four character strings than on the all different four char- 
acter strings of unfamiliar stimuli (RTs for Amharic characters 
shown in Figure 2B). 

A whole brain analysis searching for regions whose activity 
different by pair type (i.e., all same vs. all different characters) 
showed a region in left OT cortex located at —44, —67, —4 in 
MNI coordinates (shown in Figure 2A). Planned secondary anal- 
yses showed the activity in this region also varied by stimulus 
type (i.e., words vs. Amharic characters) and there was an inter- 
action between the pair type and stimulus type. Further analyses 
showed this interaction was driven by the same pattern described 
above. When matching Amharic character and consonant strings, 
there was more activity for matching identical strings relative to 
strings that differed in all characters (Amharic strings shown in 
Figure 2B). However, when matching words and pseudowords, 
there was equivalent activity for matching the identical and all dif- 
ferent pairs (words shown in Figure 2C). While this set of results 
mimics the response time data, these effects remain significant 
even when response time was used as a regressor (Vogel et al, 
2012b). 

WhQe these additional analyses demonstrated that left OT 
is involved in processing complex stimuli in groups, both sets 
of analyses primarily used whole brain approaches to deter- 
mine what regions of the brain showed such effects. While this 
approach is the least biased way to perform these analyses, it 
leaves open the question of whether these effects hold in the 
VWFA or are even localized to the same region. Applied region 
of interest analyses showed the same effect of complexity and 
groupabUity, at least qualitatively, in the classically defined VWFA. 
More persuasive, a conjunction analysis of the three effects in 
question — differences between stimulus type such as words, con- 
sonant strings, and Amharic strings, differences in complexity, 
and differences in pair type — demonstrated that all three effects 
are located in the same voxels in only one place in the brain, the 
left OT cortex. This region of left OT cortex that had increased 
activity for Amharic characters and consonant strings relative to 
words and word-like stimuli, is more active for complex stim- 
uli, and showed "grouped" processing of words and pseudowords 
but character by character processing of consonant strings and 
Amharic characters, was located at —46, —66, —4 (MNI coordi- 
nates), very near the VWFA. 

In total, this set of analyses demonstrated that the left OT 
cortex, including the VWFA, does not seem to be used predom- 
inantly for processing words, as it is more strongly activated for 
non-word stimuli. Rather, we have demonstrated that left OT cor- 
tex at or near the VWFA is used in processing visually complex 
stimuli in "groups." 

THE PUTATIVE VISUAL WORD FORM AREA IS FUNCTIONALLY 
CONNECTED TO THE DORSAL ATTENTION NETWORK 

Although fMRI is useful for defining when a part of the brain is 
activated and studying the pattern of activity across a variety of 
tasks can allow for a relatively board definition of a region's pro- 
cessing properties, fMRI is stUl generally limited by experimental 



paradigms. Recently, resting state functional connectivity (RSFC) 
has been shown to operate outside of those single paradigm 
boundaries, as RSFC correlations seem to reflect the statistical 
likelihood that regions of the brain are co-activated across time, 
including a large number of tasks. RSFC uses correlations in 
large, slow changes in the BOLD signal that occur even at rest. 
Regions that are co-activated across a number of tasks seem to 
have high RSFC correlations (examined in Power et al., 2011; 
Yeo et al., 2011). For example, there are high RSFC correlations 
between members of the default mode network (Greicius et al., 
2003; Fox et al., 2005), dorsal and ventral attention networks 
(Fox et al, 2006), attention control regions such as the pre- 
viously defined fronto-parietal and cingulo-opercular networks 
(Dosenbach et al., 2007; Seeley et al, 2007), visual regions and 
motor regions (Biswal et al, 1995). 

We have used RSFC correlations to query with which regions 
the VWFA is likely most often coactivated. If the VWFA is pre- 
dominantly used for reading, it should be most often coactivated 
with other regions thought to be used predominantly in read- 
ing, leading to RSFC between them. However, if the VWFA is 
used in many types of tasks, for example if it is generally used in 
processing high spatial frequency, high contrast, complex stim- 
uli in groups, it may be more commonly coactivated with other 
regions used in such tasks, and lead to RSFC with these other 
regions. 

Recently, we have published a set of analyses demonstrating 
the latter (Vogel et al, 2012a); the VWFA has strongest RSFC 
correlations with regions of the dorsal attention network, and has 
relatively weak correlations with other regions thought to be used 
in reading (Figure 3). There were very weak to weakly negative 
correlation between the VWFA and other putatively reading- 
related regions, including left inferior frontal gyrus (IFG) (Fiez 
and Petersen, 1998; Mechelli et al., 2003) and supramarginal gyrus 
(SMG), thought to be used in phonological processing (Church 
et al., 2008, 2010), or left angular gyrus (AG) or medial temporal 
gyrus (MTG), thought to be related to semantic processing (Binder 
et al, 2005, 2009; Graves et al, 2010) (Figure 3). Additionally, 
the strength of RSFC correlations between the VWFA and dorsal 
attention regions seems to increase both with age and reading 
ability. In contrast, the correlations between the VWFA and 
putative reading regions are unrelated to age or reading level 
(Vogel et al, 2012a), though it should be noted that all of these 
analyses were performed with only movement matched groups 
and were not subjected to the strict quality control analyses for 
movement that we now know to be necessary (Power et al., 2012) 

We purport that the relationship between the VWFA and 
regions of the dorsal attention network are related to the find- 
ings that the VWFA processes famUiar stimuli, such as words, in 
groups. In order to process words as a whole, or in groups of let- 
ters, it is necessary to direct attention to the whole of the word 
or the larger group of letters. However, in order to process unfa- 
miliar stimuli such as Amharic strings as individual characters, 
attention must be allocated to the individual characters. Thus, 
the RSFC connectivity between the VWFA and dorsal attention 
regions, that increases with age and reading level, reflects its more 
general use in processing various visual stimuli in appropriately 
sized groups (Vogel et al., 2012a). 
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FIGURE 3 I The VWFA has stronger RSFC correlations with regions of 
the dorsal attention network than "reading related" regions. (A) Seed 
map of voxels with the strongest RSFC correlations to the putative VWFA, as 
defined in a meta-analysis of single word reading studies. Positive 
correlations in RSFC are shown in warm colors, negative correlations shown 
in cool colors. The location of regions of the dorsal attention network are 



shown in green and regions thought to be used predominantly in reading, as 
defined by a meta-analysis of region activated by single word reading as well 
as a review of the literature, shown in blue. (B) RSFC Correlation coefficients 
between the VWFA and regions thought to be used predominantly in reading, 
shown in blue, and regions of the dorsal attention network, shown in green. 
Figure from Vogel et al. (2012a). 



FUNCTIONAL NETWORK OF READING-RELATED REGIONS ACROSS 
DEVELOPMENT 

In addition to defining the predominant fijnctional connections 
of a given region, RSFC can be used to define the network 
structure of large groups of regions. For example, in the analy- 
sis described above, we used the RSFC correlations between the 
VWFA and the rest of the brain to demonstrate that the VWFA 
was more commonly co-activated with regions in the dorsal atten- 
tion network than other reading related regions. Alternatively, 
one could look at regions across the brain and attempt to dis- 
cern whether there is a "reading community," or a group of 
regions with strong RSFC correlations that seem to be most com- 
monly activated in reading tasks and correspondingly, whether 
the VWFA is part of such a "reading community." 

Defining groups or communities of highly related items within 
a larger group or network of items based on a similarity metric 
is the purview of a branch of mathematics termed graph the- 
ory. In graph theory, graphs are defined as a group of items, also 
termed nodes, and the relationships between them, also called 
edges (Sporns et al., 2004), and this theory provides a powerful 
new way to define communities of brain regions using similarity 
as defined by RSFC correlations (Power et al., 2011). Our lab has 
used graph theoretic techniques on RSFC correlations to define 



the network structure of many general use regions across the 
brain and to define the network structure of the brain at the level 
of the MRI voxel (Power et al, 2011). These whole brain analyses 
have defined a number of communities previously demonstrated 
to be commonly co-activated across tasks, including primary 
visual regions, default mode regions, dorsal and ventral attention 
regions, cognitive control regions, as well as several previously 
unidentified communities (Power et al., 201 1). No community of 
regions that could be construed as "reading related" was found in 
these large analyses. 

While no "reading community" was defined in whole brain 
analyses, we wished to be certain this result was not due to either 
missing regions used in reading, or overwhelming any reading 
related effect with a whole brain analysis. Thus we performed 
similar graph analyses on regions defined by a meta-analysis of 
studies in which subjects read single words aloud (Vogel et al, 
2013). Similar to the hypotheses stated above, if regions such as 
the VWFA are used specifically or even predominantly in read- 
ing, they should have high RSFC correlations with each other 
and lower RSFC correlations with other brain regions, allowing 
them to be grouped together into a "reading community" by the 
graph analytic algorithms. However, if regions used in reading 
are also used in a variety of other tasks, these "reading" regions 
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will also have high RSFC correlations with the other regions with 
which these "reading" regions are commonly co-activated, plac- 
ing them in more general communities reflecting the "reading" 
regions most common use (Vogel et al., 2013). 

With these hypotheses in mind, we first defined all regions 
used in transforming a written word into spoken output via a 
meta-analysis of five studies of adult subjects reading single words 
aloud and a single developmental study of the same to capture any 
changes in reading activations with age (Vogel et al., 2013). The 
resulting group of regions included both "task general" regions, 
such as primary visual cortex, auditory, and motor cortex, as well 
as regions thought to be relatively specific to reading, including 
the VWFA, described above, the left SMG and IFG, thought to be 
related to phonological processing (i.e.. Church et al., 2010), and 
the left AG and MTG thought to be related to semantic processing 
(i.e., Graves etal, 2010). 

We used two graph analysis techniques, InfoMap (Rosvall and 
Bergstrom, 2008) and Modularity Optimization (Newman and 
Girvan, 2004), to define the community structure of this large 
network of reading-related regions across a number of RSFC 
thresholds, to ensure we were not biased by any one algorithm 
or threshold (Vogel et al., 2013). These graph analyses were 
performed on 3 groups of 38 subjects each, one set of adults 
(age 21-29 years), a set of adolescents (age 11-14 years), and a 
set of children (age 6-10 years) matched for image quality and 
movement as described in Power et al. (2012). 

Neither InfoMap nor modularity optimization identified a 
"reading community" at any threshold in any age group (Vogel 
et al., 2013). Rather, the regions purported to be used rela- 
tively specifically for reading, including the VWFA, were largely 
found to be intermixed in other, more general use communi- 
ties, such as visual regions, fronto-parietal and cingulo-opercular 
control regions, regions of default mode network (Figure 4). 
Additionally, there were no significant changes in the net- 
work structure of these regions-related regions across develop- 
ment, which included no emerging "reading community" with 
age/reading skill (Vogel et al., 2013). Therefore, we conclude that 
regions used in reading, even those thought to be essential for 
reading, retain more general processing properties, resulting in 
these regions relating to more general use communities. 

DISCUSSION 

In sum, neither functional analyses nor RSFC analyses, includ- 
ing both region specific and large network analyses, indicate the 
VWFA is used specifically or even predominantly in reading. 
Rather, our fMRI analyses demonstrate the VWFA is activated 
more strongly by non-word and even non-letter stimuli such as 
Amharic characters and line drawn pictures than by words, and 
that activity seems to be driven by other stimulus properties such 
as visual complexity and the "group-ability" of the stimuli (Vogel 
et al, 2012b). These findings are supported by the RSFC correla- 
tions of the VWFA which show stronger relationships between the 
VWFA and regions of the dorsal attention network than regions 
thought to be used predominantly in reading, likely reflecting the 
need to allocate spatial attention to the appropriate group of stim- 
uli (Vogel et al., 2012a). Additionally, no reading community can 
be found using graph analyses to define the network structure of 



all regions used in reading aloud, again indicating regions used 
in reading retain more general processing properties (Vogel et al., 
2013). 

While we suggest that the VWFA has some general visual pro- 
cessing functions, we emphasize that we are not arguing that it 
is a completely general use visual region. Rather, we contend that 
the processing performed in the VWFA is related to specific visual 
properties, which can be used in processing a number of stimuli, 
but are also very useful for reading. For example, the VWFA is 
responsive to the visual complexity of stimuli, which is a shared 
characteristic of written languages (Changizi and Shimojo, 2005). 
Additionally, the VWFA processes familiar stimuli in groups, 
which is one of the defining features of fluent reading. In fact, 
lesions involving the VWFA often do not abolish reading, per se. 
Rather, they abolish fluent reading, or the ability to read words 
of varying lengths in about the same amount of time, while con- 
tinuing to allow for "letter by letter" reading, in which words are 
processed as single characters (Cohen et al, 2003). We believe that 
this conceptualization of VWFA function, based in an informa- 
tion processing view of the brain, is supported not only by the 
results presented here, but by the wider literature, and can be used 
as an instructive example for understanding neural specialization 
more generally. 

OUR RESULTS IN CONTEXT 

The results described in this manuscript defining the VWFA as a 
more general use region that is particularly suited for reading due 
to its specific processing capabilities are largely consistent with the 
state of the literature. First, there has been increased acknowledge- 
ment that while the VWFA plays an important role in reading, 
it is not solely used for processing words. This is supported by 
a number of functional imaging studies (Tagamets et al., 2000; 
Price and Devlin, 2003; Xue et al, 2006; Ben-Shachar et al, 2007; 
Ploran et al., 2007; Starrfelt and Gerlach, 2007; Xue and Poldrack, 
2007; Mei et al, 2010; Van Doren et al, 2010; Kherif et al, 2011), 
as well as lesion studies demonstrating deficits not only in read- 
ing words but also processing groups of visual stimuli or complex 
visual stimuH (Behrmann et al, 1990, 1998; Starrfelt et al, 2009). 
Moreover, we suggest that our results, that the VWFA responds 
to familiar stimuli in groups, may explain some of the discrepan- 
cies in the literature. As detailed in Vogel et al. (2012b), studies 
that demonstrate increased or specific activity for words rela- 
tive to non-word stimuli typically rely on implicit or low level 
processing tasks (Cohen et al., 2002; Baker et al., 2007; Vinckier 
et al., 2007). In contrast, studies that demonstrate more activ- 
ity for non-words, consonants, or symbols rely on tasks with 
increased processing demands (Tagamets et al., 2000; Xue et al., 
2006; Xue and Poldrack, 2007; Mei et al, 2010; Van Doren et al, 
2010). An important study by Brem et al. (2010) demonstrated 
increased activity for words in the N150 ERP response, but no 
corresponding increase in BOLD activity for words during an 
attention demanding task. All together, these results point to 
faster, specialized processing for words in the VWFA based on 
grouped processing of these familiar stimuli. However, they also 
demonstrate that when required to attend to non-word or even 
non-letter stimuli, the VWFA is also active, though likely with a 
slower timecourse. 
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FIGURE 4 I Regions thought to be used predominantly in reading do not 
form a reading community in large scale networl< analyses. (A) The network 
organization of all regions activated during reading. Communities were defined 
using two separate algorithms, the results for Infomap shown on the left and 
Modularity Optimization shown on the right. In each case, communities were 
defined across a range of RSFC correlation thresholds. Each RSFC correlation 
threshold corresponds to a column in the color plot. Each individual region is 
denoted by a row. The classification of each region is shown as the color of the 



row in each threshold column. The overall classification of each region, made by 
visual inspection of the community classification across thresholds and 
methods is shown in the far left column. The rows containing the regions 
thought of as relatively specific for reading are denoted by arrowheads to the 
right of the plots. (B) The location of all of the regions activated in a 
meta-analysis of reading studies, colored by overall community assignment 
made in the leftmost column of (A). Regions thought to be relatively specifically 
used for reading are denoted by number. Figure from Vogel et al. (2013). 



While we were the first to specifically address the RSFC of 
the VWFA, our results can also be viewed in the context of 
other studies of functional connectivity, RSFC, and a recent study 
of structural connectivity using diffusion tensor imaging (DTI). 
Wang et al. (2011) described the functional relatedness of the 
VWFA with other parts of the brain in a visual matching task of 
familiar and unfamiliar stimuli. The authors demonstrated that in 
a visual matching task the VWFA is strongly related to the same 
regions of parietal cortex involved in visual attention that we see 
in our RSFC analysis. Additionally, Koyama et al. (2010) studied 
the RSFC of predefined regions thought to be involved in reading. 
While addressing the RSFC of the VWFA was not the foremost 
goal of this study, a visual inspection of the VWFA seed maps 
presented in the manuscript show similar results to our analysis 



(Vogel et al, 2012b). Finally, a recent analysis of structural con- 
nectivity using DTI demonstrated a relatively underappreciated 
white matter tract connecting the ventral occipital cortex near the 
VWFA with parietal cortex (Yeatman et al, 2013), likely in the 
vicinity of some of the inferior parietal lobe regions thought to be 
involved in visual attention. 

Moreover, our results indicating the VWFA is related to other 
regions involved in attention processing, influencing its ability to 
process visual stimuli in groups, is consistent with a growing body 
of literature addressing the role of visual attention in fluent reading. 
VWFA activity in fMRI tasks was found to be related to reading skill 
in dyslexic children and adults in a meta-analysis by Richlan et al. 
(20 11 ) . Reading performance is predicted by visual attention span 
(Pammer et al, 2004). Furthermore, a subset of dyslexic children 
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have a reduced visual attention span (see Valdois et al., 2004; 
Vidyasagar and Pammer, 20 1 0 for reviews). These dyslexic children 
show deficits in simultaneous processing of consonant strings 
(Lassus-Sangosse et al., 2008) and meaningless non-alphanumeric 
strings (Lobier et al, 2012). Dyslexic adults with deficits in visual 
attention span also have decreased activation of both ventral 
occipital areas in the vicinity of the VWFA and parietal areas in 
multi-element alphanumeric and non-alphanumeric processing 
tasks (Reilliac et al., 2013). Finally, there is decreased task based 
connectivity between the VWFA and parietal regions in dyslexic 
children (van der Mark et al., 2011). Together, these results 
emphasize the role of the VWFA in processing visually complex 
stimuli of multiple types in groups, as well as emphasizing the 
importance of the relationship between this region and others of 
the dorsal attention network as detailed here. 

PROCESSING CHARACTERISTICS vs. STIMULUS SPECIFICITY 

One of the major themes of the work presented here is an 
emphasis on defining information processing characteristics of 
regions rather than defining regions based on stimulus specificity. 
We believe this mindset is essential to understanding the brain, 
though we acknowledge determining how to best implement such 
a mindset is stiU up for debate. We suggest a reasoned approach 
is to examine past work and determine across sub-fields what 
kinds of stimuli or tasks are known to drive activity in a region, 
to look at what type of information processing, or stimulus trans- 
formations, are common across those tasks or particularly salient 
in those tasks. Lesion studies can be used as an adjunct to bet- 
ter understand what functions are disrupted when the processing 
done in a given injured region must be subsumed or circum- 
vented by other parts of the brain. Finally, knowing the structural 
and functional connectivity of a region, what parts of the brain 
feed information into it, where it passes that information on to 
and what regions may have mediating effects on its processing, 
both in specific tasks and across a collective history of tasks, allow 
for further refinement of the types of information processing that 
could be carried out in a specific region. Lastly, it is useful to think 
of what types of processes can conceivably be carried out by a set 
of neurons (i.e., how could neurons reasonably represent a given 
stimulus or perform a given transformation or task). 

This method has been very informative in our studies of the 
VWFA, and we argue it should be generally useful in studying the 
processing properties of regions across the brain. If brain regions 
are truly thought of as a set of neurons with given inputs and 
outputs, with an intrinsic organization constraining the processes 
performed, it becomes important to define those processing char- 
acteristics rather than limiting the consideration to the general 
stimulus class or task type that activates the region. 

THE VWFA IN ONLY PART OF THE VENTRAL OCCIPITAL-TEMPORAL 
CORTEX 

While this review has focused on the VWFA, the VWFA is only a 
single region within the left OT cortex. Our group has used RSFC 
analyses to define the complex organization of other part parts of 
the brain (Cohen et al., 2008), particularly parietal cortex (Nelson 
et al., 2010; Barnes et al., 2012). There is increasing evidence 
that the organization of the left OT cortex may be even more 



complicated. Prior functional analyses have demonstrated that 
there is a gradient in activation for word-like stimuli (Vinckier 
et al., 2007). In addition to the visual processing described here, 
other studies have demonstrated effects of abstract processing 
or memory and semantic processing, especially in more ante- 
rior portions of the left OT, and effects of attention and cue 
related activity, especially in more posterior portions of the left 
OT (Leonards et al, 2000; Corbetta and Shulman, 2002; Egner 
et al., 2008; Fairhall et al, 2009). Our voxel-wise RSFC network 
analyses also demonstrate a complex organization of the left OT 
(Power et al., 2011). A number of communities are represented, 
including visual, dorsal attention, and fronto-parietal communi- 
ties in a posterior to anterior gradient. A better understanding 
of this complex organization should lead to a better understand- 
ing of the processing performed in each regional component. 
Hopefully, a better understanding of the function of these com- 
ponents and their connections will also help illuminate the role 
or roles of the left OT in reading. 

Additionally, we cannot neglect to mention that we used a 
group based analysis in our studies. We believe group based stud- 
ies are the most reliable for studying the information processing 
properties of brain regions, as they allow for enough data to 
compare the individually defined timecourses elicited by vari- 
ous stimulus and task manipulations without requiring those 
timecourses to be fit to a model, and do not fall victim to the dif- 
ficulty of correcting for multiple comparisons across each voxel of 
the brain. However, it is conceivable that by averaging the time- 
courses of multiple individuals one may "drown out" very small 
regions that are truly reading specific in this complicated land- 
scape. Hopefully, as discussed above, a better understanding of 
the complex organization of the occipital-temporal cortex will be 
possible at a finer a level of detail not only for RSFC studies, but 
also for functional studies. 

CONCLUSIONS 

In sum, our recent research on the VWFA indicates that it is 
not specifically or even predominantly used for reading. Rather 
the VWFA is a general use region that has processing properties 
making it particularly useful for reading, though it continues to 
be used in any task that requires its general processing proper- 
ties. Conceptualizing the VWFA as a brain region with specific 
processing characteristics rather than a brain region devoted to 
a specific stimulus class, allows us to better explain the activity 
seen in this region during a variety of tasks, as well as providing 
an explanation of function that is in keeping with the long his- 
tory of studying the brain in terms of what type of information 
processing is performed (Posner, 1978). 

ACKNOWLEDGMENTS 

This project was supported by the National Institutes of Health 
(grant numbers: NS0534425 to Bradley L. Schlaggar, HD057076 
to Bradley L. Schlaggar, NS61144 to Steven E. Petersen, and 
NS6144 to Steven E. Petersen), the National Science Foundation 
(IGERT grant number 0548890 to Alecia C. Vogel), and the 
Intellectual and Developmental Disabilities Research Center 
at Washington University (NIH/NICHD P30 HD062171). We 
would also like to thank the many people whose work contributed 



Frontiers in Human Neuroscience 



www.frontiersin.org 



March 2014 | Volume 8 | Article 88 | 8 



Vogel et al. 



The VWFA is not just for words 



to making the projects described in this manuscript possible, 
including Dr. Jessica Church for her many hours of discussion 
and thoughtful comments on the topics discussed here, as well 
as her assistance with the initial analyses. We would also like 
to thanks Dr. John Pruett, Dr. Christina Lessov-Schlaggar, Dr. 
Deanna Barch, Dr. Tamara Hershey, and Dr. Judy Liu for the use 
of their data in the original manuscripts, Jonathan Power and 
Fran Miezin for their assistance in the analyses performed in the 
initial manuscripts, and Dr. Steven Nelson, Dr. Joe Dubis, Rebecca 
Coalson, Kelly McVey, and Rebecca Lepore for their assistance in 
the original data collection. 

REFERENCES 

Baer, J., Kunter, M., and Sabatini, J. (2009). "Basic reading skills and the literacy of 
Americas least literate adults: results from the 2003 National Assessment of Adult 
Literacy (NAAL) Supplemental Studies^' in Statistics NCfE, (Washington, DC). 

Baker, C. I., Liu, J., Wald, L. L., Kwong, K. K., Benner, T., and Kanwisher, N. 

(2007) . Visual word processing and experiential origins of functional selectiv- 
ity in human extrastriate cortex. Proc. Natl Acad. Sci. U.S.A. 104, 9087-9092. 
doi: 10.1073/pnas.0703300104 

Barnes, K. A., Nelson, S. M., Cohen, A. L., Power, J. D., Coalson, R. S., Miezin, F. 

M., et al. (2012). Parcellation in left lateral parietal cortex is similar in adults and 

children. Cereb. Cortex 22, 1148-1158. doi: 10.1093/cercor/bhrl89 
Behrmann, M., Black, S. E., and Bub, D. (1990). The evolution of pure alexia: 

a longitudinal study of recovery. Brain Lang. 39, 405-427. doi: 10.1016/0093- 

934X(90)90148-A 

Behrmann, M., Nelson, J., and Sekuler, E. B. (1998). Visual complexity in letter-by- 
letter reading: "pure" alexia is not pure. Neuropsychologia 36, 1115-1132. doi: 
10.1016/50028-3932(98)00005-0 

Ben-Shachar, M., Dougherty, R. E, Deutsch, G. K., and Wandell, B. A. (2007). 
Differential sensitivity to words and shapes in ventral occipito-temporal cortex. 
Cereb. Cortex 17, 1604-1611. doi: 10.1093/cercor/bhl071 

Binder, J. R., Desai, R. H., Graves, W. W., and Conant, L. L. (2009). Where is 
the semantic system? A critical review and meta-analysis of 120 functional 
neuroimaging studies. Cereb. Cortex 19, 2767-2796. doi: 10.1093/cercor/bhp055 

Binder, J. R., Medler, D. A., Desai, R., Conant, L. L., and Liebenthal, E. (2005). 
Some neurophysiological constraints on models of word naming. Neuroimage 
27, 677-693. doi: 10.1016/j.neuroimage.2005.04.029 

Biswal, B., Yetkin, E Z., Haughton, V. M., and Hyde, J. S. (1995). Functional con- 
nectivity in the motor cortex of resting human brain using echo-planar MRI. 
Magn. Reson. Med. 34, 537-541. doi: 10.1002/mrm.l910340409 

Brem, S., Bach, S., Kucian, K., Guttorm, T. K., Martin, E., Lyytinen, H., et al. 
(2010). Brain sensitivity to print emerges when children learn letter-speech 
sound correspondences. Proc. Natl. Acad. Sci. U.S.A. 107, 7939-7944. doi: 
10.1073/pnas.0904402107 

Changizi, M. A., and Shimojo, S. (2005). Character complexity and redundancy 
in writing systems over human history. Proc. Biol. Sci. 272, 267-275. doi: 
10.1098/rspb.2004.2942 

Church, J. A., Balota, D. A., Petersen, S. E., and Schlaggar, B. L. (2010). 
Manipulation of length and lexicality localizes the functional neuroanatomy of 
phonological processing in adult readers. /. Cogn. Neurosci. 23, 1475-1493. doi: 
10.1162/jocn.2010.21515 

Church, J. A., Coalson, R. S., Lugar, H. M., Petersen, S. E., and Schlaggar, B. L. 

(2008) . A developmental fMRI study of reading and repetition reveals changes 
in phonological and visual mechanisms over age. Cereb. Cortex 18, 2054-2065. 
doi: 10.1093/cercor/bhm228 

Cohen, A. L., Fair, D. A., Dosenbach, N. U., Miezin, F. M., Dierker, D., Van 
Essen, D. C, et al. (2008). Defining functional areas in individual human 
brains using resting functional connectivity MRI. Neuroimage 41, 45-57. doi: 
10.1016/j.neuroimage.2008.01.066 

Cohen, L., and Dehaene, S. (2004). Specialization within the ventral stream: 
the case for the visual word form area. Neuroimage 22, 466-476. doi: 
10.1016/j.neuroimage.2003. 12.049 

Cohen, L., Lehericy, S., Chochon, P., Lemer, C, Rivaud, S., and Dehaene, S. (2002). 
Language- specific tuning of visual cortex.'' Functional properties of the visual 
word form area. Brain 125, 1054-1069. doi: 10.1093/brain/awf094 



Cohen, L., Martinaud, O., Lemer, C, Lehericy, S., Samson, Y., Obadia, M., et al. 
(2003). Visual word recognition in the left and right hemispheres: anatomical 
and functional correlates ofperipheral alexias. Cereb. Cortex 13, 1313-1333. doi: 
10.1093/cercor/bhg079 

Corbetta, M., and Shulman, G. (2002). Control of goal-directed and stimulus- 
driven attention in the brain. Nat. Rev. Neurosci. 3, 201-215. doi: 
10.1038/nrn755 

Dehaene, S., and Cohen, L. (2007). Cultural recycling of cortical maps. Neuron 56, 
384-398. doi: 10.1016/j.neuron.2007.10.004 

Dehaene, S., and Cohen, L. (2011). The unique role of the visual word form area in 
reading. Trends Cogn. Sci. 15, 254-262. doi: 10.1016/j.tics.201 1.04.003 

Dejerine, J. (1892). Contribution a I'etude anatomoclinique et clinique des dif- 
ferentes varietes de cecite verbal. Compte Rendus Liebdomadaires Seances et 
Memoires de la Societe de Biologic 4, 61-90. 

Dosenbach, N. U. E, Fair, D. A., Miezin, R M., Cohen, A. L., Wenger, K. K., 
Dosenbach, R. A. T, et al. (2007). Distinct brain networks for adaptive and sta- 
ble task control in humans. Proc. Natl. Acad. Sci. U.S.A. 104, 11073-11078. doi: 
10.1073/pnas.0704320104 

Egner, T, Monti, J. M., Trittschuh, E. H., Wieneke, C. A., Hirsch, J., and 
Mesulam, M. M. (2008). Neural integration of top-down spatial and 
feature-based information in visual search. /. Neurosci. 28, 6141-6151. doi: 
10.1523/JNEUROSCI.1262-08.2008 

Fairhall, S. L., Indovina, I., Driver, J., and Macaluso, E. (2009). The brain network 
underlying serial visual search: comparing overt and covert spatial orienting, 
for activations and for effective connectivity. Cereb. Cortex 19, 2946-2958. doi: 
10.1093/cercor/bhp064 

Fiez, J., and Petersen, S. (1998). Neuroimaging studies of word reading. Proc. Natl. 
Acad. Sci. U.S.A. 95, 914-921. doi: 10.1073/pnas.95.3.914 

Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., and Raichle, M. E. 
(2006). Spontaneous neuronal activity distinguishes human dorsal and ven- 
tral attention systems. Proc. Natl. Acad. Sci. U.S.A. 103, 10046-10051. doi: 
10.1073/pnas.0604187103 

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C, and Raichle, 
M. E. (2005). The human brain is intrinsically organized into dynamic, anticor- 
related functional networks. Proc. Natl. Acad. Sci. U.S.A. 102, 9673-9678. doi: 
10.1073/pnas.0504136102 

Gaillard, R., Naccache, L., Pinel, P., Clemenceau, S., Voile, E., Hasboun, D., 
et al. (2006). Direct intracranial, FMRI, and lesion evidence for the causal 
role of left inferotemporal cortex in reading. Neuron 50, 191-204. doi: 
10.1016/j.neuron.2006.03.031 

Graves, W. W., Desai, R., Humphries, C, Seidenberg, M. S., and Binder, J. R. (2010). 
Neural systems for reading aloud: a multiparametric approach. Cereb. Cortex 20, 
1799-1815. doi: 10.1093/cercor/bhp245 

Greicius, M., Krasnow, B., Reiss, A., and Menon, V. (2003). Functional connectivity 
in the resting brain: a network analysis of the default mode hypothesis. Proc. 
Natl. Acad. Sci. U.S.A. 100, 253-258. doi: 10.1073/pnas.0135058100 

Kherif, F., Josse, G., and Price, C. J. (2011). Automatic top-down processing 
explains common left occipito-temporal responses to visual words and objects. 
Cereb. Cortex2h 103-114. doi: 10.1093/cercor/bhq063 

Koyama, M. S., Kelly, C, Shehzad, Z., Penesetti, D., Castellanos, E. X., and Milham, 
M. P. (2010). Reading networks at rest. Cereb. Cortex 20, 2549-2559. doi: 
10.1093/cercor/bhq005 

Kveraga, K., Boshyan, J., and Bar, M. (2007). Magnocellular projections as the trig- 
ger of top-down facilitation in recognition. /. Neurosci. 27, 13232-13240. doi: 
10.1523/JNEUROSCI. 3481-07.2007 

Lassus-Sangosse, D., N'Guyen-Morel, M. A., and Valdois, S. (2008). Sequential or 
simultaneous visual processing deficit in developmental dyslexia? Vision Res. 48, 
979-988. doi: 10.1016/j.visres.2008.01.025 

Leonards, U., Sunaert, S., Van Hecke, P., and Orban, G. A. (2000). Attention mech- 
anisms in visual search - an fMRI study. /. Cogn. Neurosci. 12, 61-75. doi: 
10.1162/089892900564073 

Lobier, M., Zoubrinetzky, R., and Valdois, S. (2012). The visual attention 
span deficit in dyslexia is visual and not verbal. Cortex 48, 768-773. doi: 
10.1016/j.cortex.201 1.09.003 

McCandliss, B. D., Cohen, L., and Dehaene, S. (2003). The visual word form area: 
expertise for reading in the fusiform gyrus. Trends Cogn. Sci. 7, 293-299. doi: 
10.1016/S1364-6613(03)00134-7 

Mechelli, A., Gorno-Tempini, M. L., and Price, C. J. (2003). Neuroimaging 
studies of word and pseudoword reading: consistencies, inconsistencies, and 



Frontiers in Human Neuroscience 



www.frontiersin.org 



March 2014 | Volume 8 | Article 88 | 9 



Vogel et al. 



The WVFA is not just for words 



limitations. /. Cogn. Neurosci. 15, 260-271. doi: 10.1162/0898929033212 
08196 

Mei, L., Xue, G., Chen, C, Xue, F., Zhang, M., and Dong, Q. (2010). The 
"visual word form area" is involved in successful memory encoding of both 
words and faces. Neuroimage 52, 371-378. doi: 10.1016/j.neuroimage.2010. 
03.067 

Nelson, S. M., Cohen, A. L., Power, J. D., Wig, G. S., Miezin, F. M., Wheeler, M. 

E., el al. (2010). A parcellation scheme for human left lateral parietal cortex. 

Neuron 67, 156-170. doi: 10.1016/j.neuron.2010.05.025 
Newman, M. E., and Girvan, M. (2004). Finding and evaluating community 

structure in networks. Phys. Rev. E 69:026113. doi: 10.1103/PhysRevE.69. 

026113 

Pammer, K., Lavis, R., Hansen, P., and Cornelissen, P. L. (2004). Symbol- 
string sensitivity and children's reading. Brain Lang. 89, 601-610. doi: 
10.1016/j.bandl.2004.01.009 

Ploran, E. J., Nelson, S. M., Velanova, K., Petersen, S. E., and Wheeler, M. E. 
(2007). Evidence accumiJation and the moment of recognition: dissociating 
perceptual recognition processes using fMRI./. Neurosci. 27, 11912-11924. doi: 
10.1523/JNEUROSCI.3522-07.2007 

Polk, T. A., Stallcup, M., Aguirre, G. K., Alsop, D. C, D'Esposito, M., Detre, J. A., 
et al. (2002). Neural specialization for letter recognition. /. Cogn. Neurosci. 14, 
145-159. doi: 10.1162/089892902317236803 

Posner, M. I. (1978). Chronometric Explorations of Mind. Hillsdale, NJ: Oxford 
University Press. 

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., and Petersen, S. 
E. (2012). Spurious but systematic correlations in functional connectivity 
MRI networks arise from subject motion. Neuroimage 59, 2142-2154. doi: 
10.1016/j.neuroimage.201 1.10.018 

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A. B., Church, J. A., 
et al. (2011). Functional network organization of the human brain. Neuron 72, 
665-678. doi: 10.1016/j.neuron.2011.09.006 

Price, C. J., and Devlin, J. T. (2003). The myth of the visual word form area. 
Neuroimage 19, 473-481. doi: 10.1016/81053-8119(03)00084-3 

Price, C. J., and Devlin, J. T. (2011). The interactive accoimt of ventral occip- 
itotemporal contributions to reading. Trends Cogn. Sci. 15, 246-253. doi: 
10.1016/j.tics.2011.04.001 

Reilhac, C, Peyrin, C, Demonet, J. E, and Valdois, S. (2013). Role of the supe- 
rior parietal lobules in letter-identity processing within strings: FMRI evi- 
dence from skilled and dyslexic readers. Neuropsychologia 51, 601-612. doi: 
10.1016/j.neuropsychologia.2012.12.010 

Richlan, F., Kronbichler, M., and Wimmer, H. (2011). Meta-analyzing brain dys- 
functions in dyslexic children and adults. Neuroimage 56, 1735-1742. doi: 
10.1016/j.neuroimage.2011.02.040 

Rosvall, M., and Bergstrom, C. T. (2008). Maps of random walks on complex net- 
works reveal community structure. Proc. Natl Acad. Sci. U.S.A. 105, 1 1 18-1 123. 
doi: 10.1073/pnas.0706851105 

Schlaggar, B. L., and McCandliss, B. D. (2007). Development of neu- 
ral systems for reading. Annu. Rev. Neurosci. 30, 475-503. doi: 
10.1146/annurevneuro.28.061604.135645 

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H., et al. 
(2007). Dissociable intrinsic connectivity networks for salience processing and 
executive control. /. Neurosci. 27, 2349-2356. doi: 10.1523/JNEUROSCI.5587- 
06.2007 

Sporns, C)., Chialvo, D. R., Kaiser, M., and Hilgelag, C. C. (2004). Organization, 
development and function of complex brain networks. Trends Cogn. Sci. 8, 
418-425. doi: 10.1016/j.tics.2004.07.008 

Stanovich, K. E. (1986). Matthew effects in reading: some consequences of indi- 
vidual differences in the acquisition of Uteracy. Read. Res. Q. 11, 360—406. doi: 
10.1598/RRQ.21.4.1 

Starrfelt, R., and Gerlach, C. (2007). The visual what for area: words 

and pictures in the left fusiform gyrus. Neuroimage 35, 334—342. doi: 

10.1016/j.neuroimage.2006.12.003 
Starrfelt, R., Habekost, T., and Lefif, A. R (2009). Too Uttle, too late: reduced visual 

span and speed characterize pure alexia. Cereb. Cortex. 19, 2880-2890. doi: 

10.1093/cercor/bhp059 



Tagamets, M. A., Novick, J. M., Chalmers, M. L., and Friedman, R. B. (2000). A 
parametric approach to orthographic processing in the brain: an fMRI study. 
;. Cogn. Neurosci. 12, 281-297. doi: 10.1162/089892900562101 

Valdois, S., Bosse, M. L., and Tainturier, M. J. (2004). The cognitive deficits 
responsible for developmental dyslexia: review of evidence for a selective visual 
attentional disorder. Dyslexia 10, 339-363. doi: 10.1002/dys.284 

van der Mark, S., Klaver, P., Bucher, K., Maurer, U., Schulz, E., Brem, S., 
et al. (2011). The left occipitotemporal system in reading: disruption of 
focal fMRI connectivity to left inferior frontal and inferior parietal lan- 
guage areas in children with dyslexia. Neuroimage 54, 2426—2436. doi: 
10.1016/j.neuroimage.2010.10.002 

Van Doren, L., Dupont, P., De Grauwe, S., Peeters, R., and Vandenberghe, 
R. (2010). The amodal system for conscious word and picture identifica- 
tion in the absence of a semantic task. Neuroimage 49, 3295—3307. doi: 
10.1016/j.neuroimage.2009.12.005 

Vidyasagar, T. R., and Pammer, K. (2010). Dyslexia: a deficit in visuo-spatial 
attention, not in phonological processing. Trends Cogn. Sci. 14, 57-63. doi: 
10.1016/j.tics.2009.12.003 

Vinckier, F., Dehaene, S., Jobert, A., Dubus, J. P., Sigman, M., and Cohen, L. 
(2007). Hierarchical coding of letter strings in the ventral stream: dissecting the 
iimer organization of the visual word-form system. Neuron 55, 143-156. doi: 
10.1016/i.neuron.2007.05.031 

Vogel, A. C, Church, J. A., Power, J. D., Miezin, F. M., Petersen, S. E., and Schlaggar, 
B. L. (2013). Functional network architecture of reading-related regions across 
development. Brain Lang 125, 231-243. doi: 10.1016/j.bandl.2012. 12.016 

Vogel, A. C, Miezin, E M., Petersen, S. E., and Schlaggar, B. L. (2012a). The putative 
visual word form area is functionally connected to the dorsal attention network. 
Cereb. Cortexll, 537-549. doi: 10.1093/cercor/bhrlOO 

Vogel, A. C, Petersen, S. E., and Schlaggar, B. L. (2012b). The left occipito- 
temporal cortex does not show preferential activity for words. Cereb. Cortex 11, 
2715-2732. doi: 10.1093/cercor/bhr295 

Wang, X., Yand, J., Shu, H., and Zevin, J. D. (2011). Left fusiform BOLD responses 
are inversely related to word-likeness in a one-back task. Neuroimage 55, 
1346-1356. doi: 10.1016/j.neuroimage.2010.12.062 

Weekes, B. S. (1997). Differential effects of number of letters on word and nonword 
naming latency Q. /. Exp. Psychol A 50, 439-456. doi: 10.1080/713755710 

Xue, G., Chen, C, Jin, Z., and Dong, Q. (2006). Language experience 
shapes fusiform activation when processing a logographic artificial 
language: an fMRI training study. Neuroimage 31, 1315-1326. doi: 
10.1016/i.neuroimage.2005.11.055 

Xue, G., and Poldrack, R. A. (2007). The neural substrates of visual percep- 
tual learning of words: implications for the visual word form area hypothesis. 
/. Cogn. Neurosci. 19, 1643-1655. doi: 10.1162/jocn.2007.19.10.1643 

Yeatman, J. D., Rauschecker, A. M., and Wandell, B. A. (2013). Anatomy of the 
visual word form area: adjacent cortical circuits and long-range white matter 
connections. Brain Lang 125, 146-155. doi: 10.1016/j.bandL2012.04.010 

Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D., HoUishead, 
M., et al. (2011). The organization of human cerebral cortex estimated 
by intrinsic functional connectivity. /. Neurophysiol. 106, 1125-1165. doi: 
10.1152/jn.00338.2011 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 08 June 2013; accepted: 04 February 2014; published online: 20 March 2014. 
Citation: Vogel AC, Petersen SE and Schlaggar BL (2014) The VWFA: it's not just for 
words anymore. Front. Hum. Neurosci. 8:88. doi: 10.3389/fhhum.2014.00088 
This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2014 Vogel, Petersen and Schlaggar. This is an open-access article dis- 
tributed under the terms of the Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this jour- 
nal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



March 2014 | Volume 8 | Article 88 | 10 



